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The dynamical behavior of a bridge is influenced by the 
conditions of its foundation system. In the present paper, the 
possibility of detecting the presence of scour of foundations 
on the basis of dynamical monitoring of the bridge is 
assessed using numerical simulations and experimental data 
from a case history. The results show a very promising 
correspondence between scouring and the global dynamical 
response of the piers, allowing for promising applications of 
traffic induced vibrations in monitoring and field 
investigations. 
I. INTRODUCTION 
Dynamic tests are often used to infer the conditions of 
existing structures or to verify the validity of structural 
models. Advanced data processing methods allow the 
identification of natural frequencies and experimental 
modal shapes from the response of the structure to 
external loading [1][2][3]. The use of ordinary traffic 
loads as excitation is particularly interesting because it 
allows the study of the structure in service, with no need 
for traffic interruptions, which are always very difficult to 
manage [4]. 
In the present study the possibility of using the response 
of the bridge to external loading to investigate the 
existence of scouring phenomena is proposed. The study 
is focused on a real case history concerning a five-span 
bridge having one of the piers affected by serious scouring 
problems. The possibility of testing the structure before 
and after retrofitting has been particularly valuable. The 
experimental data used in the present study are part of 
larger testing datasets collected primarily for modal 
identification of the whole bridge (spans and piers) before 
and after the retrofitting [5]. 
In order to have a greater insight on the experimental 
results, also some numerical simulations have been 
performed using a FEM model to reproduce, at least 
qualitatively, the global dynamic behavior of the structure. 
II. CASE HISTORY 
The bridge (Figure 1) is located in the nearby of Turin 
(Northern Italy) on the Dora Baltea River, an affluent of 
the Po River characterised by heavy seasonal flows caused 
by snow thawing in the nearby mountains during spring or 
by heavy rains, typically in autumn. It is located along the 
road connecting the two towns of Strambino (on the West 
side) and Piverone (Figure 2). The bridge, which was built 
in 1965, has five 30m spans constituted of simply 
supported prestressed reinforced concrete decks.  The 
foundation system of each one of the 4 piers in the water 
bed was originally constituted by a mat on 24 piles having 
600mm diameter and 15m length. As a countermeasure 
for scour, a series of 55 piles with diameter 400mm and 
length 8m was placed all around the perimeter of the 
foundation mat in the 1980s.  
The local stratigraphy beneath the piers is composed 
essentially of two geologic formations: a first alluvial 
layer composed of sands and gravels with variable 
thickness (5m to 20m going from Strambino to Piverone), 
underlain by a very soft silty clay likely of lacustral origin. 
 
 
Figure 1 The bridge before retrofitting (Downstream view) 
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Figure 2 Conventional numbering of piers and spans 
At the time of construction, the riverbed was at the 
same level of the top of the foundation mat. General and 
local erosion caused over the years a considerable scour of 
pier foundations, so that in 1982 the top 2-3 meters of the 
piles were above the riverbed. At that time it was decided 
to use a cement injection to realize a single foundation 
block delimited by the edge piles.  
The flood of year 2000 caused further scour in the 
foundation of the piers. A bathymetry of the riverbed after 
the flood event evidenced generalized erosion, with a 
particularly marked scour of foundation for one of the pier 
(P2) where the riverbed was 6 meters beneath the top of 
the foundation mat (the top 5 meters of piles were without 
lateral constrain). As a safety measure, a limitation of the 
traffic on the bridge was decided at that time. Moreover a 
continuous monitoring of the pier was started in order to 
plan emergency actions on the intense traffic. The 
monitoring plan consisted in topographical measurements 
to detect rotations of the piers and the installation of a 
permanent inclinometer for the critical pier. The relative 
movements of reference points on the upstream and 
downstream side of each pier are reported in Figure 3. A 
very marked settlement is detected for pier P2, which 
moreover underwent a marked rotation with the two sides 
of the pier showing respectively a vertical displacement of 
16mm and 44mm as of March 2004. Settlements of the 
other piers are instead very limited and do not show 
marked differences between upstream and downstream 
side of each pier. The measurements also show a later 
stabilization, likely due in part to the restrictions in traffic 
and to the stabilization the phenomenon with a partial 
filling in of the scour hole.  
Because of budget restrictions, it was decided to retrofit 
the bridge by substituting pier P2 only, whereas other 
piers would remain unaltered. The retrofitting has taken 
place in the spring of 2004. The old foundation mat has 
been incorporated in a larger one founded on 6 large 
diameter piles with length 47m. Two columns founded on 
the new foundation mat carry the bridge spans, whereas 
the old pier has been disconnected from the bridge spans, 
so that no load is transferred to the old foundation (Figure 
4). 
 
 
 
 
Figure 4 The bridge after retrofitting of pier P2 (Downstream view) 
III. SIGNAL PROCESSING 
Scouring is expected to reduce the global stiffness of 
the foundation system, so that the effect of the same load 
is different if compared to the unaltered situation. The 
difference in stiffness is sometimes used in order to 
identify the type of foundation [6]. Since experimental 
data in the present study are collected under ordinary 
traffic load and measurements on different piers have been 
collected at different time, a direct comparison is not 
possible, because the entity of the load is unknown.  
Considering the typical manifestation of localized 
erosion with scour holes concentrated on the upstream 
side, a pier affected by scour of foundations is expected to 
show a markedly asymmetric dynamic behavior. In the 
present work reference is made to signals collected along 
a straight line on the foundation mat using an array of 
receivers. In this case it is expected that the motion at each 
reference point will be different because of rotations of the 
foundation caused by uneven support conditions. Since 
the receivers more often used in dynamical tests are 
accelerometers, in the present work accelerations will be 
considered as motion parameters, but similar conclusions 
could be obtained also in terms of velocity or 
displacements. 
Several possibilities can be devised in terms of signal 
analysis to evidence the asymmetric response of the pier. 
Reference can be made to relative levels of maximum 
acceleration along the receiver array or to cross-
correlation of the signals with respect to reference 
receivers placed on the bridge deck [7]. 
In the present study the choice has been to refer to the 
covariance matrix of the signals. Considering a discrete 
set of discrete signals sn(t), the covariance matrix COV is 
defined as [8]: 
COVij=E[(si(t)-i)(sj(t)-j)]       for i=1…n; j=1…n 
where E[...] represents the mathematical expectation and 
j=E[sj(t)]. The diagonal terms of the covariance matrix 
coincide with variances of single signals and, in terms of 
signal analysis, with the maximum value of their 
autocorrelations [9]. This value can be considered a more 
robust indicator of the motion for each receiver than the 
maximum acceleration since it takes into account the 
whole duration of the signal. 
IV. NUMERICAL SIMULATIONS 
A. FEM Model 
Some numerical simulations have been performed in 
order to assess the sensibility of the overall dynamic 
response of the system to scour of foundations [10]. In this 
respect a FEM model has been built using the code 
Cosmos/m ™ [11]. The model is not aimed at reproducing 
exactly the existing bridge since several details of the 
bridge and its foundations system are not known, as for 
example material parameters both of the superstructure 
and of the foundation soil. 
Considering the static scheme of the bridge, it is 
sufficient to reproduce a single pier and the two spans 
supported by it. A view of the FEM model is shown in 
Figure 5. The superstructure and the foundation mat are 
reproduced using Shell elements, while pile foundations 
are reproduced using 3D Beam elements.  
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Figure 3 Topographical monitoring on bridge piers (solid line: upstream 
reference point; dotted line: downstream reference point) 
The interaction between the pile and the surrounding 
soil is modeled with distributed vertical and horizontal 
springs [12]. Considering the low strains induced by 
traffic loads, the springs are linear elastic. 
 
 
 
Figure 5 FEM Model 
 
 
The effect of scour has been modeled by suppressing 
the springs in the top portion of selected piles. In 
particular several configurations of the scour hole have 
been modeled by suppressing the springs for one or more 
rows of piles and for different depths. 
A modal analysis of the bridge in its unaltered and 
scoured configurations showed moderate differences in 
natural frequencies and modal shapes [10]. 
The model has then been used to asses the response of 
the bridge to external excitation using modal 
superposition. Considering the scope of the analysis a 
simple impulsive time history of vertical external forces 
has been applied on top of the bridge deck.  
In order to reproduce the typical setup used in the 
experiments (described in the following sections) a set of 
8 reference points along the foundation mat have been 
selected (Figure 6) and the acceleration time histories have 
been computed in the different configurations of the 
model (with and without scouring). A sample synthetic 
time history is reported in Figure 7. 
 
 
Figure 6 Reference points on the foundation mat of the FEM Model 
 
Figure 7 Sample synthetic acceleration time history from FEM 
simulations 
B. Numerical Results 
The synthetic signals obtained from the FEM model 
have been analyzed following the procedure outlined in 
Section III. Figure 8 reports the diagonal terms of the 
covariance matrix of the synthetic signals computed for 
the reference points of Figure 6. Three different situations 
are compared: the initial FEM model with unaltered 
springs and two models in which localized scouring has 
been modeled suppressing part of the springs for the two 
rows of piles on the upstream side of the foundation. In 
this case the external impulsive load is placed on the 
upstream carriageway. The effect of scouring is neatly 
indicated from the progressive asymmetric behavior with 
increasing scour depth. 
In order to verify the influence of the load position, the 
same numerical simulations have been performed 
switching the load to the downstream carriageway, so that 
in this case the load is applied on the opposite side of the 
scour hole. The results are reported in Figure 9. Also in 
this case the progressive erosion lead to an asymmetric 
behavior of the pier, but the phenomenon is much less 
marked as clearly shown in Figure 10, where the global 
responses for the case of 6m scour with different position 
of the external load are compared. 
 
 
Figure 8 Numerical simulations: global dynamic response of the pier for 
different level of scour (load applied on the same side of scour hole) 
 Figure 9 Numerical simulations: global dynamic response of the pier for 
different level of scour (load applied on the opposite side of scour hole) 
 
Figure 10 Numerical simulations: influence of the load position on the 
global dynamic response of the pier in presence of scour  
These numerical results show that not only the global 
dynamic response of the pier is sensitive to erosion in the 
top portion of the foundations pile, but also that it is 
possible to locate the scour hole beneath the foundation by 
comparing the results for different positions of the 
external load. 
V. EXPERIMENTAL RESULTS 
A. Data Acquisition 
Experimental data have been collected in ordinary 
traffic conditions, using the passage of heavy vehicles as 
external source. The data have been collected using a 14 
channels data-logger and low frequency accelerometers. 
The tests were performed before and repeated after the 
retrofitting of pier P2, using slightly different acquisition 
setups. In both cases 12 receivers were placed on top of 
the foundation mat, while the other 2 receivers were 
placed on the bridge deck as reference points. A sample 
experimental setup for the 12 receivers placed on the 
foundation mat is reported in Figure 11, showing the 
orientation of each receiver. The choice of the acquisition 
setup was such that the experimental data could be used 
for modal identification, which was the primary purpose 
of the investigation [5]. 
For the present study only the vertical components 
along a straight line of the mat foundation are considered 
(e.g. receivers 3, 4, 5, 6 in Figure 11). A sample 
experimental acceleration time history for a point on the 
foundation mat is reported in Figure 12. The vibration 
induced by the passage of the truck is easily located in the 
first part of the signal. 
In order to assess the influence of load position, the 
signals related to trucks passing on each of the two 
carriageways have been analyzed separately. 
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Figure 11 Experimental setup (arrows identify the orientations of 
accelerometers) 
 
 
Figure 12 Example of experimental acceleration time history on the 
foundation mat 
 
 
B. Experimental evidence 
The first testing session was conducted in July 2003 
prior to the retrofitting of pier P2. The test was primarily 
aimed at modal identification, which evidenced a different 
behavior of the spans supported by pier P2, likely 
associated to the different support conditions due to 
scouring [5]. 
The experimental data have been analyzed considering 
the parameters described in Section III and used for the 
analysis of synthetic signals in Section IV. The 
experimental signals have been filtered to remove the high 
frequency noise, using a band-pass filter 1-10Hz, which 
has been chosen on the basis of the results of modal 
identification of the piers in order to include the 
contribution of all the significant modes [5]. Figure 13 
reports the results obtained for each pier of the bridge on 
the first testing session (before retrofitting of pier P2). For 
each pier, three repetitions of the test are reproduced (i.e. 
the elaboration of the signals associated to the passage of 
three different trucks). All the experimental data reported 
in this figure are related to traffic passing on the upstream 
carriageway of the bridge.  
The comparison of the results clearly shows the 
different global dynamic response of pier P2, likely 
associated to the scour phenomenon evidenced by 
previous independent measurements (Figure 3). In 
particular the detected asymmetry is very similar to the 
one obtained from the numerical simulations (Figure 8). 
It is noteworthy the fact that apart from the asymmetry 
of the response, the values of variance obtained on pier P2 
are much larger than the ones on the other piers. Similarly 
it is also interesting that apart from pier P2 the highest 
levels of variance are obtained for pier P3 which is the 
other central pier, considering the geometrical symmetry 
of the bridge, hence more likely interested by erosion 
phenomena (see also Figure 3). Although these 
observations are only qualitative, since the traffic induced 
vibrations are associated to different vehicles having 
different (and not controlled) weight and velocity, they 
can be very interesting for subsequent investigations in 
which a controlled load could be used and a simultaneous 
acquisition on the different piers could lead to more 
comparable results. 
 
 
Figure 14 Experimental results for pier P2 (traffic load on the 
downstream carriageway) 
 
Figure 13 Experimental results: dynamic response of piers before the retrofitting (traffic on the upstream carriageway) 
 
 Figure 15 Experimental results: influence of the load position 
In order to confirm the influence of load position, 
which has been evidenced by numerical analysis (Section 
IV), the data related to traffic on the downstream 
carriageway have been analyzed separately. Figure 14 
reports the relative results for pier P2. In this case only a 
slight asymmetry is detected and the absolute values of the 
signal variances are much lower. The comparison between 
average experimental results obtained for the traffic load 
on the two carriageway (Figure 15) confirms this 
observation and are in line with the results obtained with 
the numerical simulation (Figure 10).  
The conclusion that can be drawn from these 
experimental results is that pier P2 is affected by a 
localized scour below the upstream portion of the 
foundation mat. This result is good agreement with 
topographical monitoring (Figure 3). 
As detailed in Section II, pier P2 underwent a major 
retrofitting with a completely new foundation on 6 large 
diameter piles. The experimental tests were repeated in 
September 2004 after the retrofitting, in order to assess the 
overall modifications in the dynamic behavior of the 
bridge. As for the first testing session, the tests were 
primarily aimed at the modal identification of the bridge 
(spans and piers). Experimental modes for the different 
bridge spans were in this case more similar and the 
peculiar features for the spans supported by pier P2 were 
not anymore more present [5]. 
Also in this case the experimental data have been 
subsequently analysed on the basis of parameters 
identified in Section III.  
The results for piers P1, P3 and P4 did not show 
marked differences with respect to the first testing 
campaign and are not reported in the present paper. In fact 
these piers were unaltered. 
The results for pier P2 are reported in Figure 16. As 
expected the behavior of the pier is now significantly 
different and it is characterized by an overall symmetry. 
 
 
Figure 16 Experimental results: Pier P2 after retrofitting 
C. Snapshots of foundation displacements 
An additional interpretation of the experimental data is 
introduced in the following, based on the displacement 
time histories obtained by double integration of the 
original acceleration data. Indeed considering the uneven 
support condition induced by scouring it is expected that 
a significant rotational component be introduced, while 
piers not affected by scouring are expected to have a 
predominant vertical translation.  
Considering the set of signals related to vertical 
displacements of the foundation mat it is possible to 
obtain snapshots of the foundation motion at different 
times. Figure 17 and Figure 18 have been obtained 
assuming as reference time the one in which the vertical 
displacements at the center of the foundation mat was at 
its maximum.  
The comparison of results before and after the 
retrofitting shows the influence of scouring on the 
behavior of pier P2 before the retrofitting, which is 
characterized by a marked rotational component. 
 
 
Figure 17 Vertical displacement of the foundation mat at a reference 
time (before retrofitting of pier P2) 
 Figure 18 Vertical displacement of the foundation mat at a reference 
time (before retrofitting of pier P2) 
VI. FINAL REMARKS 
The experimental results confirm the potential of traffic 
induced vibrations as a tool for monitoring scour of 
foundations. In particular the data reported in the present 
paper show that also with very simple and fast processing 
it is possible to obtain useful indications about the 
presence of scouring. 
The significance of the present case history is related to 
previous evidence of scouring for a single pier of a multi-
span bridge. The direct comparison of the results for 
different piers is in good qualitative agreement with the 
results obtained on a numerical model, demonstrating the 
possibility of detecting the presence of scour holes and 
their position beneath the foundation. 
The tools presented in the paper can be profitably used for 
monitoring bridges, programming simple testing 
campaign at different times in the lifespan of the structure. 
Advantages of such monitoring are that it is directly 
associated to the structural conditions and that test can be 
run under ordinary traffic conditions.  
It is anticipated that the potential of such monitoring be 
even greater if the piers are founded on shallow 
foundations. Indeed in those cases the influence of 
scouring on the foundation stiffness is expected to be 
more pronounced. 
On the other hand, since the experimental evidence is 
mainly related to asymmetric behavior of the foundation 
caused by scour holes, it is likely not able to produce 
significant results in presence of global and local erosion 
phenomena which produce uniform scouring condition for 
the whole group of piles. 
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